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A study was carried out in Central Bohemia to understand the effect of row spacing and stand density on plant morphology, productivity and quality of silage maize in two row spacing treatments (0.70 m and 0.35 m) at two stand densities (92,000 plants/ha and 110,000 plants/ha). The results of the study showed that row spacing and stand density had no effect on plant height or weight; however, significantly higher ear ratio and dry matter content was found in narrow rows at 110,000 plants/ha. It was observed that plant morphology was affected more by the interaction between row spacing and stand density than by a single effect of tested factors. Significantly higher dry matter yield was recorded at higher stand density, but there was no row spacing × stand density interaction. Row spacing had no impact on the whole plant neutral detergent fiber (NDF) content, crude protein of stover and starch content of ear, while narrow rows resulted in almost significantly higher stover NDF content. Our results suggest that narrow rows could be advantageous for maize morphology and quality in cases where higher stand density is applied.
Original paper
Maize plant arrangement is one of the most important management tools to improve solar radiation interception and can be done through changes in plant density, row spacing and distribution of plants in the row with the aim of optimizing its use and maximizing the yield (Modolo et al. 2010) . Generally, plant arrangement is a function of used stand density per area unit and plant spacing in this area.
The effect of plant density on the yield is usually significant and generally predictable (Stone et al. 2000) . Silage or grain yield increases gradually with increasing plant densities up to plateau, and then the yield decreases. Gözübenli et al. (2004) found the highest yield at a density of 90,000 plants/ha, and Çarpici et al. (2010) found the same effect at density of 180,000 plants/ha. Regarding plant morphology, minimal or no effect of stand density was recorded on plant height, leaf number and the number of ears per plant (Turgut et al. 2005) .
However, increasing the plant density reduced the nutritive quality of forage maize. As plant density increases, crude protein (CP) and dry matter digestibility (DMD) decrease, but acid detergent fiber (ADF) and neutral detergent fiber (NDF) increase (Widdicombe & Thelen 2002) . The reduction in forage quality with increasing plant density is attributed to the decline in leaf to stalk ratio, as well as reduced ear to whole plant ratio (Baghdadi et al. 2012 ). However, Çarpici et al. (2010) recorded no effects of stand density on leaf percentage, CP and NDF.
The reported influence of row spacing on maize yield and quality has been inconsistent. Alternative spatial arrangement should theoretically decrease plant-to-plant competition, alleviate crop crowding stress and improve yields (Robles et al. 2012) . Reduction in row spacing provides a more uniform distribution among plants, which can increase yield (Strieder et al. 2008) . The benefits of narrow row spacing can depend on the kind of crop management system (Strieder et al. 2008) , the hybrid used (Baron et al. 2006 ) and the environmental conditions (Balkcom et al. 2011) .
Regarding forage quality, the narrow row production system neither had any impact on the nutritive value of maize, such as DMD, ADF, NDF and CP (Widdicombe & Thelen 2002) , nor on the concentration of starch, simple sugars and digestibility of NDF (Beres et al. 2008) . However, Baron et al. (2006) and Skonieski et al. (2014) recorded higher content of CP for conventional rows compared with the narrow rows.
The variable results of the effect of row spacing suggested that this effect is strongly related to the environment, as well as other crop management tools including plant density. Experiments with alternative spatial arrangement have been conducted predominantly in the USA (Widdicombe & Thelen 2002; Balkcom et al. 2011) , Argentina (Barbieri et al. 2012) , Brazil (Strieder et al. 2008; Modolo et al. 2010) , Turkey (Turgut et al. 2005; Çarpici et al. 2010; Gözübenli 2010) , as well as in Pakistan (Maqbool et al. 2006) , Iran (Ramezani et al. 2011) and New Zealand (Stone et al. 2000) . For Central Europe region, there is a lack of results for alternative spatial arrangement, especially for maize forage quality.
The aim of this study was to investigate the effect of row spacing on plant morphology, productivity and nutritive value of silage maize in the Czech Republic. In view of the parallel effect of plant density on evaluated traits, two levels of stand density were used in this study.
MATERIAL AND METHODS
The field experiments were conducted at two locations of Central Bohemia, Czech Republic, in the growing season of the year 2013.
Experiment A: Plot experiment was established on the experimental field of the Faculty of Agrobiology, Food and Natural Resources at the Czech University of Life Sciences Prague (50°7′39″ N, 14°22′19″ E, 286 m a.s.l.). The long-term annual air temperature at the experimental field is 9.1°C and the total sum of precipitation is 495 mm. Daily sums At the experimental site, the silage maize had been continuously cultivated since 2004 under conventional tillage practices. Fertilisers were applied prior to seeding at rates of 120 kg N/ha (ammonium sulphate), 45 kg P/ha (superphosphate) and 120 kg K/ha (potassium chloride). Weed control was ensured using post-emergent herbicide Laudis (100 g tembotrione/ha and 50 g isoxadifen-ethyl/ha). Two (0.70 m row spacing) or four (0.35 m row spacing) rows at the centre of each plot were manually harvested at optimal silage maturity on 11 September 2013.
Experiment B: An additional experiment verifying the influence of row spacing in field conditions was established in the experimental area situated near village Budihostice (50°19′7″ N, 14°15′42″ E, 233 m a.s.l.). In this area, the long-term annual air temperature is 9.6°C and the total sum of precipitation is 582 mm. Daily sums of precipitation and mean air temperature are presented in Figure  1 , and monthly averages are summarized in Table  1 . According to the World Reference Base (IUSS Working Group WRB 2014), the soil was Haplic Chernozem. Row spacing treatments were 0.75 and 0.45 m, with the average number of plants per hectare being 89,000 plants/ha and 88,000 plants/ha, respectively. Hybrid PR38N86 (FAO 290) was sown on 19 April 2013 by six-row seeder Kverneland Accord Optima HD. Experimental plot size was 1 ha for each treatment and sampling was realised within each plot. The maize followed the winter wheat (Triticum aestivum L.). Tillage practices, fertilisation and weed control were identical with Experiment A. The
Effect of row spacing (RS) and stand density (SD) on plant height, plant weight, proportion of plant parts and dry matter yield (Experiment A -Prague, Experiment B -Budihostice) T a b l e 3 Effect of row spacing (RS) and stand density (SD) on the dry matter content of whole plant (DMC WP ), neutral detergent fiber of whole plant (NDF WP ), neutral detergent fiber of stover (NDF S ), crude protein of stover (CP S ) and starch of ear (Experiment A -Prague, Experiment B -Budihostice) P = probability; different letters indicate statistical differences for Tukey HSD (α = 0.05) P = probability; different letters indicate statistical differences for Tukey HSD (α = 0.05) maize was harvested at optimal silage maturity on 10 September 2013. The yield was assessed using the average plant weight (evaluated twenty plants per treatment) and the number of plants per hectare. Harvest measurements and plant morphology: The measurement of plant height and sampling of above-ground biomass were realized during harvest time. In Experiment A, plant height was measured at 20 plants in the centre of two rows of each plot from the soil surface to the tip of tassel (m), and four plants were randomly selected (from each plot) to determine dry matter content (DMC) and forage quality characteristics. In Experiment B, 4 × 10 plants were measured for height and 4 × 4 plants from each tested spatial arrangements were selected for the following analyses. The sampled fresh plants were divided into ear, leaf and stalk, and dried at 60°C in a forced-air dryer for calculation of their weight percentage ratio.
Forage quality: Dried samples of plant parts from each plot were ground in a mill on sieve with 1 mm mesh size. Mixed samples of leaves and stalks (i.e. the stover) were analysed for crude protein (CP, N x 6.25) by Dumas combustion method (Dumatherm N analyser). Amylase-treated neutral detergent fibre (2002.04) in stover and starch in ear by the amylase method (920.40) were assessed according to Association of Official Analytical Chemists (2005) . In the ear, the NDF content 283 g/kg was considered to be constant value. The NDF of whole plant was calculated from ear ratio and NDF content in the stover.
Statistical analysis: The data of maize yield, plant morphology and forage quality were statistically evaluated by using two-and one-way analysis of variance in Experiments A and B, respectively. All analyses were performed using Statistica 12 (2013) followed by Tukey post-hoc test (α = 0.05). Ordination biplot of principal component analysis (PCA) was created in CanoDraw (Microcomputer Power, Ithaca, NY) for graphical visualization of the relationship between maize morphology and quality (dependent variables), and row spacing and stand density (combination of groups used as supplementary variables). All ordination analyses were 
RESULTS
Maize plant morphology and dry matter yield in relation to row spacing and stand density are summarized in Table 2 . In the field Experiment A, the impact of row spacing was almost significant for ear and stalk proportion. Stand density showed significant effect only on the yield. However, the interaction row spacing × stand density was significant or almost significant for plant weight, stalk and ear proportion. Within 0.35 m rows, increasing the stand density reduced plant weight and stalk proportion, whereas ear proportion was significantly higher than those in 0.70 m rows under higher stand density. In the field Experiment B with one level of stand density, any significant difference was found for all evaluated traits in line with lower density in Experiment A.
Differences in DM content and forage quality over different row spacing and stand density are shown in Table 3 . In Experiment A, the effect of row spacing was almost significant just for stover NDF content, where higher values were observed within 0.35 m rows regardless of stand density. Higher stand density tends to increase of DM content but this effect was visible only within 0.35 m rows where the highest value was observed. In Experiment B, any differences between row widths were not visible at all evaluated traits.
The effect of row spacing and stand density on relationship among maize plant morphology and forage quality in Experiment A is illustrated in the ordination biplot of PCA (Figure 2) . The most important first (horizontal) canonical axis represents the positive correlation between the stalk opposite to ear and leaves proportion; the second (vertical) axis represents the negative relation between DM content and plant NDF. Both axes were strongly affected by the negative relationships between plant weight and stover NDF, and between ear ratio and ear starch concentration. Regarding the external supplementary factors, both treatments with lower stand density were located in the centre of the figure regardless of row spacing. In contrast to this, higher stand density separated treatments according to row spacing: 0.35 m to right and 0.70 m to left side (see Figure 2 ). Narrow rows under higher density were associated with higher ear and leave ratio, as well as DM content and stover NDF. Plant weight and stalk proportion were related to 0.70 m row spacing.
DISCUSSION
The presented values of plant morphology and forage quality traits were within the usual ranges published about maize plot experiments (Cox & Cherney 2001; Millner & Villaver 2005) . Our results showed that the impact of different row maize spacing on morphology and forage quality was not meaningful, similar to the results presented by Widdicombe and Thelen (2002) or Stone et al. (2000) . Also, the differences in stand density did not show any significant changes within the given ranges, except for DM content. It must be taken into account that evaluated year 2013 was humid; 98% and 77% of long-term annual sum of precipitation was achieved over vegetation period in localities of Experiment A and B, respectively. In 2013, the yield was considerably influenced by the climatic condition of the growing season. In this year, in the Czech Republic, the average yields of silage maize were lower by 19. 6% and 19.1% in comparison to years 2012 according to Czech Statistical Office (2015 , respectively. Significant single effect of the year on the yield of grain and silage maize was described by many authors (Çarpici et al. 2010; Novacek et al. 2013) , but significant year × row spacing or year × stand density interactions were not determined (Barbieri et al. 2012; Novacek et al. 2013) .
In spite of a humid experimental year, almost significant interactions between row spacing and stand density were observed. It appeared that the effect of plant spacing on evaluated traits was enhanced due to an increase in the plant population density in the present experiment.
Plant morphology and dry matter yield
Regarding the plant morphology under higher population density in our experiment, wide rows increased the plant weight and stalk proportion, while the ear ratio was significantly reduced. In spite of these changes in proportion, the plant height as well as leaves ratio were relatively stable across all treatments. Reduced ear ratio under increased plant yield was in accordance with the results reported by Çarpici et al. (2010) . According to Baghdadi et al. (2012) , the reduction in forage quality with an increasing stand density (from 90,000 to 130,000 plants/ha) was attributed to the decline in leaf to stalk ratio, as well as reduced ear to whole plant ratio. On the contrary, Iptas and Acar (2006) did not observe any significant changes in ear proportion between different row spaces; however, changes in stand density was not independent of row spacing in their experiment. Millner and Villaver (2005) or Ramezani et al. (2011) did not find any significant effect of stand density on plant part proportion and plant weight.
Plant height is an important component that helps in the determination of growth attained during the growing period (Zamir et al. 2011 ). In our experiment, this trait was not affected by stand density or row spacing arrangement. This is in agreement with Çarpici et al. (2010) or Ramezani et al. (2011) for different stand densities and with Turgut et al. (2005) for various row spacings. However, some effects on plant height were previously described by Gözübenli (2010) who reported significantly higher plant height in narrow rows compared with conventional rows (2.07 vs. 2.00 m) on average of two years, while Ramezani et al. (2011) observed the opposite effect (2.10 vs. 2.23 m).
Our result suggests an increase in ear ratio under higher density level in narrow rows, which corresponds with Modolo et al. (2010) , who reported some tendency of narrow rows to produce higher grain yield. It is possible to assume that ear ratio reduction together with increase in the stalk proportion could be observed, where row spacing, stand density or their interaction increase the plant weight.
Significantly higher dry matter yield at higher plant stand density corresponded with the results of many authors. Across two years, Çarpici et al. (2010) published a significantly higher dry matter yield (21.26 t/ha) at 180,000 plants/ha in comparison to 60,000 and 100,000 plants/ha (18.72 and 19.45 t/ha, respectively). Baron et al. (2006) found greater impact of population density on yield increase (+6.4%) than row spacing and hybrid choice during two-year experiments. In Experiment A, the yield (4.2% at 92,000 plant/ha and 5.6% at 110,000 plant/ha) increased when the row spacing was narrowed from 0.70 to 0.35 m. Comparable increase of yield (5.4%) for narrow rows was presented by Widdicombe and Thelen (2002) . Similar to Baron et al. (2006) , no row spacing × stand density interaction was found in our experiment as well. In Experiment B, higher yield in narrow rows was not observed, which corresponded with Skoniesky et al. (2014) . These results highlighted that hybrids evaluated in two experimental localities did not show the same effect in similar row spacing, as was published by Turgut et al. (2005) .
Forage quality
Maize DM content parameter is closely connected with harvest timing (Lynch et al. 2012) . Non-significant differences in maize DM content were found under various row spacings (Iptas & Acar 2006) or stand densities (Millner & Villaver 2005) . Similarly, Beres et al. (2008) did not observe any effect of stand density, row spacing or their interaction on maize DM content under applied irrigation. In the present experiment, lower stand density significantly reduced DM content but this effect was visible only for narrow rows. Within the same density, row effect was not significant. It appeared that simple row spacing effect on DM content was small but could be enhanced by interaction with plant population density. However, this is also modified by environmental conditions where these changes seem to be eliminated under irrigation (Beres et al. 2008) . In present experiment, significantly reduced DM content was observed at narrow rows treatment under drier end of vegetation period.
Regarding plant NDF concentration, the differences between row spacing were not significant at both sites. It is in line with Widdicombe and Thelen (2002) that the narrow row production system did not impact maize NDF content. However, some impact of row spacing in Experiment A was visible in stover NDF content, where narrow rows resulted in almost significantly higher stover NDF content. Higher difference was found at 110,000 plants/ha than at 92,000 plants/ha. Similarly, at lower stand density in Experiment B, minimal difference in stover NDF content was observed. Our result suggests that the effect of row spacing on NDF was higher in stover than in the whole plant. Similar tendency for whole plant NDF content was reported by Beres et al. (2008) . Under various stand densities, Çarpici et al. (2010) and Marsalis et al. (2010) had not found any significant effect on plant NDF, which is in accordance with our results. However, Widdicombe and Thelen (2002) recorded an increase in NDF (from 441 to 456 g/kg) as the stand density increased from 64,200 to 88,900 plants/ha. Cox and Cherney (2001) found significantly higher NDF concentrations (473 g/kg) at 116,000 plants/ha compared with 80,000 plants/ha (460 g/kg).
Starch content in the ear was not affected by plant spacing arrangement in both the experiment sites. Contrary to this, Beres et al. (2008) reported an almost significant reduction in starch content in whole plant maize biomass under narrow rows treatment. This discrepancy could probably be explained by the changes in plant part proportions. It seems that starch content in maize biomass can be influenced by row spacing but our result shows that it is more closely connected with ear proportion than starch content in the ear.
Similar to starch, CP content in the stover was also not affected by either row spacing or stand density. It is in line with the research by Çarpici et al. (2010) and Marsalis et al. (2010) in which they reported no significant effect of stand density on CP content. Conversely, Widdicombe & Thelen (2002) recorded a decrease in CP (from 76 g/kg to 72 g/kg) as the stand density increased from 64,200 plants/ha to 88,900 plants/ha. Also Cox and Cherney (2001) found significantly lower CP concentrations at 116,000 plants/ha (52 g/kg) compared with 80,000 plants/ha (55 g/kg). Regarding row spacing, Skonieski et al. (2014) recorded a significantly higher content of CP (70 and 68 g/kg) for conventional rows (0.60 and 0.80 m) compared with narrow rows (54 g/kg at 0.40 m). Also, Baron et al. (2006) found marginally higher protein concentration (74 g/kg) in comparison with narrow rows (72 g/kg). It is, therefore, possible to conclude that the reported effects of stand density or row spacing for CP content could be significant; however, the differences observed by the above-cited studies were generally marginal for absolute values. The expression of these effects in CP content has also been related to site conditions (Cusicanqui & Lauer 1999) , intensity of nitrogen fertilisation (Cox & Cherney 2001) and applied levels of stand density (Çarpici et al. 2010) .
CONCLUSIONS
In the humid year 2013, a significant increase in maize yield was observed under higher stand density. The influence of row spacing effect on maize yield, morphology and quality was not meaningful at both the sites. In experiment A, plant morphology (ear ratio) and quality (stover NDF) were more affected by the interaction between row spacing and stand density than by a row spacing effect. In line with Experiment B, it seems that observed differences in these traits were smaller under low stand density. Using of narrow rows showed benefit in higher yield; however, achieved results reveal that forage quality should be also considered. It appeared that narrow rows could increase ear ratio under higher stand density but tendency for higher stover NDF content was also observed.
